We investigated whether the conformational differences of modified peptides play a role for affinity or not. For this purpose, we have performed the replica exchange molecular dynamic simulation (REMD) to obtain the conformational states and secondary structural propensities of repetitive peptide sequences changed the affinity of binding to staphylococcal enterotoxin B (SEB). The results obtained from REMD simulations have shown that the secondary structures of these repetitive peptide sequences were mainly random coil, bend and turn structures with a small amount of helix and β-bridge structures for all temperatures. Besides it was shown that, with repeating the sequence, while the percentage of random coil structures decreased, the ones of bend structures increased. These results are consistent with the ones which obtained from circular dicroism spectroscopy. In terms of principal component analysis (PCA), the free energy landscapes of peptide sequences were obtained and found several local minima. The secondary structures corresponding with these minima have mainly coil, turn and bend structures for both peptides. In addition to these dominant structures considerable amount of helix and β-bridge structures were also outstanding. Its observed that while the number of repetition of peptide sequence increases, the percentage of random coil structures are decreases and this transformation in the random coil structures emerges in the form of increases in the rates of bend, turn, helix and β-bridge structures with the chosen temperature and region. The results pointed that it was not monitored a directly relationship between the affinity and secondary structures propensities of repetitive peptides.
Introduction
Staphylococcal enterotoxin B (SEB), produced by Staphylococcus aureus, is a toxin causing food poisoning in humans. This toxin is potential biological warfare agent due to its high thermal stability (Marrack and Kappler 1990) . Hence, it is need to the rapid, sensitive and cost-effective detection method. On the other hand, SEB has been detected by enzyme-linked immunosorbent assay (ELISA) (Hahn et.al. 1986 , Park et.al.1994 ) and immunosensors based on piezoelectric crystal sensors (Harteveld et.al. 1997, Lin and Tsai 2003) , surface plasmon resonance (SPR) sensors (Homola et.al. 2002 , Naimushin et.al. 2002 , Slavik et.al. 2002 and fiber optic sensors (King et.al. 1999 ). However, these methods used antibodies with high costs and time consuming for detection of SEB. Therefore, peptide ligands were investigated as novel recognition agents.
Phage-displayed peptide libraries have been used for determination of peptide ligands with a high affinity to SEB by Dudak et.al. (2010) . The selected 12-mer peptides were investigated by circular dichroism (CD) spectroscopy and conventional Molecular Dynamics (MD) (Dudak et.al. 2010) . However, when compared to affinities of antibodies, their affinities are still lower. In later study, we have used modified forms of the peptides used previously to increase the affinities to SEB (Dudak et.al. 2012) . The modifications were done by repeating the 12-mer peptide sequences. The affinities of modified peptides to SEB were obtained by isothermal titration calorimetry (ITC). Also, we investigated the binding of a modified peptide by SPR sensor to confirm the affinity increase. In addition, the secondary structures of peptides were analyzed MD simulation and CD spectroscopy. As results of the study, it was reported that the conformation of peptides might be associated with affinities of peptides.
However, with conventional MD simulations at low temperatures, a protein or peptide generally becomes trapped in any of many local energy minima. Replica Exchange Molecular Dynamics (REMD) is a commonly used computational method for efficient sampling of the phase of large biomolecular systems. Replica exchange algorithm was introduced to protein simulations by Hansmann (1997) . Sugita and Okamato first extended the algorithm to Molecular Dynamics simulations (Sugita and Okamoto 1999) .
In REMD, each replica at different temperatures is simulated simultaneously and independently in parallel. At regular time intervals, an exchange of current conformations of a pair of neighboring replicas is attempted and is accepted or rejected according to generalized Metropolis rule. Therefore, it is possible to escape from local energy traps by allowing random walks (Swendsen and Wang 1986 , Geyer 1992 , Hukushima and Nemoto 1996 .
In this study, we have studied REMD simulations of two modified peptides called Peptide3M2 and Peptide3M3. Peptide3M2 and Peptide3M3 are duplicate and triplicate of Peptide3 respectively, which has high affinity to SEB, with sequence Leu The results of later study showed that while affinity of duplicate of peptide approximately 10-fold increased, affinity of triplicate of peptide decreased (Dudak et.al. 2012) . To investigate how the modification primary structure of peptide effect affinity to SEB, the secondary structures obtained REMD simulations were analyzed at different temperatures. Because the hydrophobic effect is the dominant force in protein folding (Pace et.al. 1996) , we have calculated the solvent accessible areas (SASAs). In addition, due to hydrogen bonding plays an important role on stabilizing proteins we also analyzed the average number of hydrogen bond as a function of temperature.
Free energy landscapes (FELs) are vital for our understanding of biological and chemical processes such as solvation phenomena (Mobley et.al. 2009 ), protein-ligand association (Limongelli 2012, Mobley and Klimovich 2012) , enzymatic reactions (Warshel 1981) and membrane-water partitioning (Swift and Amaro 2013) . REMD simulations based on atomic -level contain a great number of degrees of freedom. One way to overcome this problem is to use the reaction coordinates for the description of biological systems. One of the most commonly used method for obtaining reaction coordinates is the principal component analysis (PCA) which typically captures most of the total displacement by means of the first few principal components (PCs) (Maisuradze et.al. 2009, Maisuradze and Leitner 2007) . By PCA, the conformational probability distributions and FELs were determined.
Method
The TINKER molecular modelling package (Ren and Ponder 2002) was used to construct our peptides named Peptide3M2 and Peptide3M3. All simulations are performed using the GROMACS molecular modeling package (Van der Spoel et.al. 2005) in conjunction with OPLS-AA force field ( Jorgensen and Severance 1990) .
The MD simulations were initially started from extended (primary) geometries without any bias where the peptides were terminated with N-terminal NH 3 + and the C-terminal COO -group. In order to remove close van der Waals contacts we have firstly minimized the energy of both peptides system in vacuo. This minimization consisted from the steepest descent to conjugate gradient mode. To improve conformational sampling in molecular dynamics simulations, we have secondly heated the systems to high temperature and then have cooled to room temperature in constrained simulating annealing in vacuo. After this step, the last frames were chosen as the starting structure for each peptide. Then these structures were solvated with single point charge water model (SPC) (Berendsen et.al. 1981 ) in a cubic box an edge length of 3 nm. The solvated systems contain 2868 and 3653 water molecules for Peptide3M2 and Peptide3M3, respectively. The solvated configuration energy was again minimized from the steepest descent to conjugate gradient methods. Then in order to reach stability we have performed a short MD simulation and finally the obtained configurations were submitted to REMD production simulation for each peptide. The REMD simulations having 2 fs time step were performed for Peptide3M2 and Peptide3M3 with 64 different replicas in the temperature range of 280-511 K and 280-501 K, respectively (as 256 ns total simulation time for each peptide). Replica exchange was tried every 500 MD steps with exchange probability 0.2 and 0.15 during the REMD simulations for Peptide3M2 and Peptide3M3, respectively. The other protocols which followed during these simulations are given a detailed manner in our previous work (Demir et.al. 2014 ).
The used temperatures for all the replicas are 280. 00, 282.92, 285.86, 288.82, 291.81, 294.82, 297.86, 300.92, 304.00, 307.12, 310.25, 313.41, 316.59, 319.80, 323.04, 326.30, 329.59, 332.90, 336.24, 339.61, 343.01, 346.43, 349.88, 353.36, 356.87, 360.41, 363.97, 367.56, 371.18, 374.84, 378.52, 382.22, 385.96, 389.73, 393.54, 397.37, 401.24, 405.13, 409.06, 413.02, 417.01, 421.03, 425.08, 429.17, 433.29, 437.45, 441.64, 445.86, 450.12, 454.41, 458.73, 463.09, 467.48, 471.92, 476.39, 480.90, 485.44, 490.02, 494.64, 499.28, 503.98, 508.71, 513.48, 518.29 for Peptide3M2 and 280.00, 282.87, 285.77, 288.69, 291.63, 294.58, 297.57, 300.57, 303.60, 306.65, 309.73, 312.83, 315.95, 319.10, 322.27, 325.46, 328.68, 331.92, 335.18, 338.47, 341.79, 345.13, 348.51, 351.90, 355.32, 358.77, 362.24, 365.74, 369.26, 372.81, 376.39, 380.00, 383.64, 387.30, 390.99, 394.72, 398.47, 402.25, 406.05, 409.89, 413.75, 417.65, 421.57, 425.53, 429.51, 433.53, 437.58, 441.66, 445.77, 449.91, 454.08, 458.29, 462.53, 466.80, 471.11, 475.45, 479.82, 484.23, 488.67, 493.15, 497.65, 502.19, 506.77, 511 .40 K for Peptide3M3 (these temperatures were produced from the methods described in Ref. (Patriksson and van der Spoel 2008) .
Results and Discussion
For Peptide3M3, the potential energy population of each target temperature and the temperature index evolutions of seven representative replicas obtained from our REMD simulations are depicted in Figure 1 .
Detecting the sufficient overlap between the energy population and the random walk in the temperature spaces mean that our REMD simulations were performed properly 
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especially for 280, 300 and 319 K temperatures. In addition, at all temperatures, the residues Arg 33 (+) and Pro 34 have a mixture of turn and bend structures. Peptide3M3 was the triplet of Peptide3 revealed by repeating the 12-amino acid sequence of the peptide. It is seen as very rare amino acids protecting their secondary structures in the triplet of peptide as well in the duplicate of peptide.
Analyzing the secondary structures of Peptide3M2 and Peptide3M3 presented in Figure 2 and 3, it is seen that the secondary structures of each amino acid in the first chain of peptide have not remained the same as in the second and the third chains. With repeating the sequence, folding of the peptides in different ways can be expected due to different bonds to be established between amino acid in peptide. As a result, it can be said that this conformational differences may be to play a key role for the binding affinity of peptide.
The percentages of the secondary structures of both peptides are summarized in Table 1 for the four different temperatures. As seen from Table 1 , at all temperatures both peptides have mostly random coil, bend and turn structures. In addition to this, a little amount of helix and beta bridge structures was observed for both peptides. Although at all temperatures the percentages of secondary structures didn't change significantly, they have reached their extreme values at 319 K. It was shown that, with repeating the sequence, while the percentage of random coil structures decreased the ones of bend structures increased.
Hydrogen bonds and Hydrophobic Forces
We have calculated the average number of intra molecular hydrogen bonds as a function of temperature in order to explore the effect of hydrogen bonding into the conformational structures of both peptides. These are given in Figure 4 . As seen from Figure 4 (a), the average number of hydrogen bonds for Peptide3M2 reached their maximum value at 339 K and after this temperature it has began to decrease. Similar behavior is also observed for Peptide3M3 (Figure 4(b) ).
The hydrophobic force has the dominant effect in protein folding (Dill 1990 , Nemethy and Scherage 1962 , Pace et.al. 1996 . Hence, to assess the hydrophobic forces into the conformational structures of peptide sequences, we have also calculated the contributions of hydrophobic and hydrophilic solvent accessible surface areas (SASA) and their total SASA for both peptides at 300 K.
As seen in Figure 5(a) , while the highest hydrophobic contribution was observed at Trp 11, 23 , the lowest hydrophobic (Hansmann 2010, Kouza and Hansmann 2011) . For other peptide sequence similar behaviors have been observed.
Secondary Structure Analysis
Detecting the types of secondary structures of peptide sequence plays an important role in determining structural and biological properties of peptide. The secondary structures of the peptides in water were characterized by the secondary structure analysis using the definition of proteins protocol (The Dictionary of Secondary Structure of Proteins, DSSP) (Kabsch and Sander 1983) . To get insight into secondary structural element types of our peptide sequences and their temperature dependency, we have depicted the secondary structural elements during the simulations for both peptides at four different temperatures.
The secondary structures of Peptide3M2 are given in Figure 2 (a)-(d) at 280, 300, 319 and 518 K temperatures, respectively. The y-axis in the figure corresponds to the residue number.
As seen in Figure 2 (a)-(d), Peptide3M2 has shown mostly random coil, bend and turn structures and the first and last residues have random coil structures during the whole simulation time. This situation can be expected due to fact that these terminal residues are in zwitterionic form. As seen Figure 2 shown bend structure at the first half of simulation, these segments recover the turn and coil at the last half of simulation. In addition to this, a little of helix structure can take place partly in several residues. Peptide3M2 was the duplicate of Peptide3 revealed by repeating the 12-amino acid sequence of the peptide. When compared the first 12 amino acid sequence of Peptide3 and the second one, while the main structures are the same, their locations have differed.
The secondary structures of Peptide3M3 are also given in Figure 3 (Figure 5(b) ). When examined Figure 5 (a) and 5(c) together, it is seen that they showed similar behavior. Therefore, it is said that, the total hydrophobic SASAs are greater than the total contribution was observed at Asp 
Principal components Analysis
By employing the PCA, the eigenvectors of covariance matrix have been calculated. The detailed information about PCA and the calculation of eigenvectors have been presented in our previous work (Demir et.al. 2014 ).
For PCs calculation, we firstly combined the trajectories of 64 replicas and the average structure was obtained. The resulting average structure was used as reference structure to calculate the eigenvectors corresponding to the princihydrophilic SASAs. We have also calculated the number of intermolecular hydrogen bonds per residue of Peptide3M2 at 300 K ( Figure 5(d) ). While the residues Thr 24 , Arg 9 (+), His 8 and Asp 4 (-) have high number of hydrogen bond, the residues Pro 10 , Ala 3 and Leu 2 have low number of hydrogen bond.
For Peptide3M3, as in Peptide IIM2, while the highest hydrophobic contribution was observed at Trp 35, 11 , the lowest hydrophobic contribution was observed at Asp 28, 4 (-) (Figure 6(a) ). As seen in Figure 6 Data were taken from our previous study (Demir et.al. 2014 ). pal components. The calculation of eigenvalues and their projection along the principal components were carried out with respect to the C-alpha atom coordinates of each peptide. The conformational probability distributions obtained from these analyses are given in Figure 7 .
According to Figure 7 (a), the conformational probability distributions of all replicas for Peptide3M2 with respect the first and second PCs have populated in a certain region which centered near (-1.5; 0.0) and (-1.5; 1.0). One of the representative structures corresponding to the highest probability distributions is shown on the left of the figure.
Although for the total motion according to two components the random coil, bend and turn structures are the most dominant secondary structures a small amount of β-bridge and helix structure are seen.
On the other hand according to the first two principal components for Peptide3M3 all trajectories showed the population in the two distinct regions (Figure 7(b) ). While the first region having maximum probability is centered around (0.0; 1.5) and (-1.0; 1.0) the second one is centered around (-1.0; 0.0) and (-1.0; 1.0) according to PC1 and PC2, respectively. The representative structures corresponding to these regions are shown on the left and right sides of the figure. While the corresponding structure of the first region has mostly random coil, bend and turn secondary structures the second one, in addition to these three, has also β-bridge structure.
Free-Energy Landscape
To obtain the conformational dynamics of our modified peptides, free-energy landscapes were obtained in terms of PCA (Figure 8 ). Free-energy was found as a function of temperature from the equation given as , where P (PC1,T) is the probability distribution obtained from a histogram of simulation data, and k B is the Boltzmann constant.
To detailed analyses of these free-energy landscapes, for four temperatures, two-dimensional presentation of them as
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As seen in Figure 9 (a)-(b) the lowest minima are close to about PC1≈ -1.0 nm and ≈ 1.2 nm for Peptide3M2 and Peptide3M3, respectively. In this figures we have identified four distinct minima that settled at around -1.15 <PC1< -0.60, -0.14 <PC1< 1.00, 1.33 <PC1< 1.60 and 2.08 <PC1< 2.60 for Peptide3M2 and -2.55 <PC1< -1.55, -1.33 a function of PC1 were given in Figure 9 for both peptides sequences. It has been shown that there were several obvious minima on the graphs. The calculated percentages of the secondary structures corresponding with these minima were given in Table 2 . The ranges of these minima were chosen according to 280 K for both peptides. The conformational probability distributions respect to PC1 and PC2 for Peptide3M2 (A) and Peptide3M3 (b) (The representative structures are visualized by VMD (Humphrey, W.,et.al., 1996) , and the residues involved in the turn, random coil, alpha helix, bend, β-bridge are shown by yellow, gray, blue, green and purple respectively). 
conclusions
In our previous study, it has been shown that the repetitive peptide sequences, are duplicate and triplicate of Peptide3, changed the affinity of binding to staphylococcal enterotoxin B (SEB) by experimental methods. In addition to experimental studies, conventional MD simulations were performed for examine structural propensities of peptide sequences. The results of this study showed that while affinity of duplicate of peptide approximately 10-fold increased, affinity of triplicate of peptide decreased (Dudak et.al. 2012) .
In this study, to more efficient sampling of the phase space of large bimolecular systems, we have performed the replica <PC1< -0.65, -0.25 <PC1< -0.79 and 0.89 <PC1< 1.39 for Peptide3M3. For each region, mostly dominant secondary structures are random coil, bend and turn structures and the average populations of them change a small amount with the chosen temperature and region (Table 2 ). In addition to these dominant structures considerable amount of helix and β-bridge structures are also outstanding. İts observed that while the number of repetition of Peptide3 sequence increases, the percentage of random coil structures are decreases and this transformation in the random coil structures emerges in the form of increases in the rates of bend, turn, helix and β-bridge structures with the chosen temperature and region. conformational structures of both peptides. For both peptides, the average number of hydrogen bonds reached their maximum value at 339K temperature and decreased after temperature.
To assess the hydrophobic forces into the conformational structures of peptide sequences, we have also calculated the contributions of hydrophobic and hydrophilic solvent accessible surface areas (SASA) and their total SASA for both peptides at 300 K. It is said that, the total hydrophobic SASAs are greater than the total hydrophilic SASAs for both peptides.
In order to determine structures corresponding to local minima especially at low temperatures, by using PCA, the free energy landscapes of peptide sequences were obtained and found several local minima. The secondary structures corresponding with these minima have mainly coil, turn exchange dynamic simulation (REMD) for obtained the conformational states of these repetitive peptide sequences. To investigate how the modification primary structure of peptide effect affinity to SEB, the secondary structures obtained REMD simulations were analyzed at different temperatures. At room temperature, the average populations of secondary structures of modified peptides were mainly random coil, bend and turn structures with a small amount of helix and β-bridge structures. It is seen that the secondary structures of each amino acid in the first chain of peptide have not remained the same as in the second and the third chains. With repeating the sequence, folding of the peptides in different ways can be expected due to different bonds to be established between amino acid in peptide.
We have calculated the average number of intra molecular hydrogen bonds as a function of temperature in order to explore the effect of hydrogen bonding into the and bend structures for both peptides as well considerable amount of helix and β-bridge structures. It is observed that while the number of repetition of peptide sequence increases, the percentage of random coil structures are decreases and this transformation in the random coil structures emerges in the form of increases in the rates of bend, turn, helix and β-bridge structures with the chosen temperature and region.
When our results compared with the experimental results for the affinity, it can be said that a directly relationship between the affinity and secondary structures propensities of duplicate and triplicate repetitive peptides could not be established. To find a correlation between the conformational differences of repetitive peptides and their affinity of binding to SEB, the protein-ligand interactions and binding regions for SEB must be investigated by simulation methods in detail.
